TrkA, a tyrosine kinase receptor, is an essential component of the nerve growth factor (NGF) response pathway. The binding of NGF to the receptor induces receptor autophosphorylation and activation of intracellular signaling pathways, resulting in diverse biological effects. We prepared polyclonal antibodies against the entire extracellular domain of rat trkA produced using a baculovirus expression system. These antibodies specifically recognize rat trkA on antigen blots and in immunoprecipitations. Both IgG and Fab fragments block binding of NGF to trkA expressed by the PC12 cell line. In NGF binding studies using anti-trkA and anti-low-affinity NGF receptor (LNGFR) immunoglobulin (Ig) G, essentially all binding of NGF can be inhibited. The results imply that 297% of the NGF binding sites on PC12 cells are accounted for by trkA and the LNGFR. The binding data also argue that all low-affinity NGF binding sites on PC12 cells reflect interactions with the LNGFR, while all high-affinity sites are trkA dependent. A fraction of the high-affinity (or slow) binding sites seem to require both trkA and the LNGFR. Although the monovalent antitrkA Fab fragments inhibited the biological effects of NGF, such as induction of tyrosine phosphorylation, and survival and neurite outgrowth of sympathetic neurons, the IgG preparation was not effective as an inhibitor. Instead, the IgG fraction by itself was almost as effective as NGF at stimulating receptor activation, cell survival, and neurite outgrowth. Thus, it appears oligomerization of trkA by antibody-induced cross-linking is sufficient to produce the known cellular effects of NGF.
INTRODUCTION
The neurotrophins are a family of small, homodimeric proteins that promote effects on distinct but partially overlapping sets of neurons during development of the nervous system (reviewed in Levi-Montalcini, 1987; Barde, 1989; Eide et al., 1993; Korsching, 1993) . Nerve growth factor (NGF), the best characterized member of the neurotrophin family, was originally purified on the * Present address: Cellular Biochemistry and Biophysics Program, Memorial Sloan-Kettering Cancer Center, Box 368, 1275 York Ave., New York, NY 10021.
Abbreviations used: CMF-PBS, calcium-and magnesium-free phosphate-buffered saline; HRP, horseradish peroxidase; LNGFR, lowaffinity nerve growth factor receptor; NGF, nerve growth factor; REX, anti-rat LNGFR antibody; RTA, anti-rat trkA antibody; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
basis of its ability to promote survival and process outgrowth of embryonic chick sensory neurons. It is now clear that NGF functions as a target-derived molecule that aids in determining the level of innervation during development by regulating the survival and differentiation of the innervating neuronal population. Apart from its effects on cell death, NGF has been found to influence other facets of neuronal development, for example, regulation of axon branching and of gene expression (Barde, 1989) .
The important biological effects of the neurotrophins have stimulated interest in their receptors and signal transduction mechanisms. Most approaches to this problem have focused on the pheochromocytoma cell line PC12, which is transformed into a sympathetic neuron-like cell when exposed to NGF (Greene and Tischler, 1976) . Early NGF binding studies using either C) 1994 by The American Society for Cell Biology D.O. Clary et al. PC12 cells or sensory neurons indicated that NGF could bind to at least two different sites, a low-affinity or fastdissociating binding site and a high-affinity or slowdissociating binding site (Sutter et al., 1979; Schechter and Bothwell, 1981) . Subsequently the first identified receptor for NGF, known as the LNGFR, or low-affinity nerve growth factor receptor, was cloned from rat and human Uohnson et al., 1986; Radeke et al., 1987) . It is a transmembrane glycoprotein of 75 000 relative molecular weight and is expressed in many neuronal and nonneuronal cell types (Wyatt et al., 1990; Wheeler and Bothwell, 1992) . However, LNGFR was unable to bind NGF with a high affinity in transfected fibroblastic cell lines (Radeke et al., 1987) , and cross-linking studies (Hosang and Shooter, 1985) , biochemical characterization (Meakin and Shooter, 1991; Radeke and Feinstein, 1991) , and binding and culture studies with the anti-LNGFR polyclonal antibody REX (Weskamp and Reichardt, 1991) implied that another receptor that could bind NGF was expressed by PC12 cells. That receptor has since been identified as the receptor tyrosine kinase p140k or trkA (Kaplan et al., 1991a; Klein et al., 1991) .
TrkA is expressed in sensory and sympathetic neurons in the periphery, and basal forebrain neurons in the central nervous system, all cell types that show responses to NGF (Martin-Zanca et al., 1990; Holtzman et al., 1992; Schecterson and Bothwell, 1992) . Biochemical studies have demonstrated that trkA becomes autophosphorylated in response to NGF (Kaplan et al., 1991b ; Klein et al., 1991; Jing et al., 1992) and subsequently activates several signal transduction pathways (Vetter et al., 1991; Loeb et al., 1992; Obermeier et al., 1993) . Two closely related receptors have been isolated, called trkB and trkC, which can respond to other members of the neurotrophin family (Klein et al., 1989; Martin-Zanca et al., 1989; Lamballe et al., 1991; Middlemas et al., 1991) . However, although the importance of trkA in generating a response to NGF is now better understood, the function of the LNGFR in this process has continued to be debated.
Given that trkA holds a central position in the NGF signal transduction mechanism, a number of models for the role of LNGFR have been put forward (Bothwell, 1991; . For example, it has been proposed that LNGFR and trkA function together in a heterocomplex for NGF binding and possibly signal transduction (Berg et al., 1991; Hempstead et al., 1991) . An alternate view holds that LNGFR might function in a more peripheral way to aid NGF signaling, for example, to modify the ligand specificity of trkA (Benedetti et al., 1993) or perhaps to serve as a loading mechanism to increase the NGF association rate for trkA Uing et al., 1992; Ibanez et al., 1993) . On the basis of the homology that LNGFR has to CD40, the Fas antigen, and the tumor necrosis factor receptor, proteins that can function in regulation of cell death (Itoh et al., 1991) , one group has proposed a role for LNGFR in regulating cell death independently of trkA (Rabizadeh et al., 1993) . They hypothesize that when LNGFR is bound by ligand (in this case, NGF), it is in an inactive state, but when it is unbound, it can activate certain apoptotic cell death pathways.
An approach that has been utilized to test the function of LNGFR is that of blocking polyclonal antisera. Such an antibody prepared against the entire extracellular domain of LNGFR (Weskamp and Reichardt, 1991) was able to block NGF binding completely to LNGFR expressed in transfected fibroblasts. Its effects were more complex on PC 12 cells, however. Although it completely eliminated low-affinity binding of NGF, it also inhibited approximately one-half of the high-affinity binding sites as well. The anti-LNGFR antibody was unable to block biological responses to NGF in either PC12 cells or rat sensory neurons in culture (Weskamp and Reichardt, 1991) .
We have extended this antibody approach to include the study of the trkA receptor and its relationship to the LNGFR. Here we describe the production of a polyclonal antibody to the rat trkA receptor and its effects on cellular responses to NGF.
MATERIALS AND METHODS Antibodies and Neurotrophins
Two rabbit polyclonal antisera recognizing rat trkA were generated by using as antigen synthetic peptides derived from the rat trkA amino acid sequence coupled to keyhole limpet hemagglutinin via m-maleimidobenzoylsulfosuccinimide ester (Pierce Chemical Co., Rockford, IL). One of the antisera (rtrkA.EX2) was raised against the peptide CSVLNETSFIFTQFLESALTNETMRH (amino terminal cysteine + trkA amino acids (Harlow and Lane, 1988) . NGF was purified from male mouse submaxillary gland following the procedure of (Mobley et al., 1976) Seed, 1987) . A probe for the rat trkA cDNA was generated from cDNA derived from the human cell line K562 (Martin-Zanca et al., 1989) GGC CGA ATT CGC CCG GCG CAG AGA ACC TGA CTG AGC  and 5' GGC CGA ATT CAT GTG CTG TTA GTG TCA GGG ATG  GGG, which yields a 1027-bp fragment (coding for amino acids 63-397) derived from the region of the transcript encoding the extracellular domain. Bacterial colonies harboring rat trkA-containing plasmids were isolated through the use of colony hybridization (Sambrook et al., 1989) . cDNA inserts were recloned into Bluescript vectors and sequenced using the dideoxynucleotide-termination method (Sequenase; United States Biochemical Co., Cleveland, OH). The sequence obtained agrees with that published previously , with the exception of a slightly shorter 5' untranslated region.
Construction of a Baculovirus Strain Expressing a Rat trkA Truncation
Polymerase chain reaction (PCR) was used to generate a version of the rat trkA cDNA that could direct expression of a truncated form of the receptor. The primers used were: 5' CCG AAT TCC ATG GCG CGA GGC CAG CGG CAC GGG CAG CTG G 3'(5' end of cassette) and 5' CCG AAT TCC ATG GCT ATT ATT CGT CCT TCT TCT CCA CTG GGT CTC 3' (3' end of cassette). The resulting DNA construct was flanked by EcoRI and Nco I restriction sites and contained the DNA sequence between the presumptive start methionine codon and the glutamic acid codon before the transmembrane domain (therefore encoding amino acids 1-416; called rtrkA.trunc). The construct was cloned into the baculovirus transfer vector pVL1393 (Webb and Summers, 1990 ) using EcoRI sites. The resulting plasmid was used to transfer the rtrkA.trunc construct into a linearized baculovirus AcMNPV genome (Invitrogen Corp.), and purified recombinant viruses which express the truncated form of the trkA receptor were isolated using standard methods (Summers and Smith, 1987; Webb and Summers, 1990 ). Recombinant viruses were identified using PCR and oligonucleotide primers specific for rtrkA.trunc construct and the AcMNPV genome (Invitrogen Corp.) Purification of rtrkA.trunc Protein and Generation of the RTA Antibody Large-scale infections with the rtrkA.trunc-expressing baculovirus were performed using the Sf900 cell line (the gift of W. Mobley) grown in SF900 II SFM medium (Gibco/BRL, Life Technologies, Grand Island, NY). The levels of protein throughout expression and purification procedures were measured by antigen blot with the rtrkA.EX2 anti-peptide antibody.
For purification, 1.2 1 of Sf900 cells was infected with 160 ml of high-titer viral stock, and 2 d post-infection, the supematant was harvested and loaded onto a 10-ml lentil lectin-Sepharose column (Pharmacia/LKB Biotechnology). After washing with 500 mM NaCl, 5 mM tris(hydroxymethyl)aminomethane (Tris)-Cl, pH 7.5, protein was eluted with 5 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.5 M methyla-D-mannopyranoside (Sigma Chemical Corp.). The eluate was dialyzed into 20 mM Tris-Cl, pH 8.0, concentrated by pressure on a YM30 membrane (Amicon, Danvers, MA), and loaded onto a MonoQ column (1 ml; Pharmacia/LKB Biotechnologies). After washing the column with 20 mM Tris-Cl, pH 8.0, the column was developed with a linear gradient to 20 mM Tris-Cl, pH 8.0, 1 M NaCl. The rtrkA.trunc protein eluted in a peak at -200 mM NaCl and ran on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as an overlapping doublet of -55 000 molecular weight, with a typical yield of 500 ,ug. Both of the doublet bands react strongly with the rtrkA.EX2 antibody, indicating that each is derived from the trkA expression vector but differ by posttranslational modification such as glycosylation. The identity of the purified protein was confirmed by the amino acid sequence analysis of two peptides derived from a trypsin digestion of the preparation. The purified protein was used to immunize a rabbit with an initial injection of 175 ug of protein; subsequent boosts were 50 ,ug each. IgG was prepared from the resulting sera by affinity chromatography on protein-A Sepharose by standard methods (Harlow and Lane, 1988) .
Immunoblots and Immunoprecipitations
Lysis buffer contained the following: 150 mM NaCl; 50 mM Tris-Cl, pH 7.6; 1% Triton X-100; 0.1% sodium dodecyl sulfate; 1 mM EDTA; 1 mM phenylmethylsulfonyl fluoride; 50 mM NaF; and 10 mM sodium pyrophosphate. When the lysates were to be probed for phosphotyrosine, the lysis buffer contained 0.1 mM sodium orthovanadate in addition. Extracts were prepared by incubating cells with lysis buffer on ice for 15 min; insoluble material was removed with a 10-min, 10 000 rpm centrifugation at 4°C. Extracts were separated on SDSpolyacrylamide gels and transferred to nitrocellulose using standard protocols (Harlow and Lane, 1988) . Immunoblots were performed using 80 mM NaCl, 50 mM Tris-Cl, pH 8.0, 0.5% Nonidet P-40, 3% bovine serum albumin, and 1% ovalbumin. The anti-phosphotyrosine antibody 4G10 was used at 1 Mg/ml, followed by rabbit anti-mouse coupled to horseradish peroxidase HRP diluted 1:5000. Streptavidin-HRP was also used at 1:5000 dilution; the alkaline phosphatase-coupled secondary antibody was used at 0.1 Mg/ml and was developed using the BCIP/NBT method (Harlow and Lane, 1988 
Binding Assays
Binding assays were performed with PC12 cells and 125I-NGF as previously described (Weskamp and Reichardt, 1991 (Seed, 1987) or the CDM8 vector containing the rat trkA, trkB, or trkC cDNAs was transfected into a 10-cm dish of COS7 cells using the DEAE dextranchloroquine method . After an additional incubation of 2 d, the cells were processed for immunoprecipitation or antigen blotting.
Neonatal rat sympathetic neurons were isolated from superior cervical ganglia of newborn rats as described (Hawrot and Patterson, 1979) . The ganglia were treated with 1 mg/ml collagenase/dispase in CMF-PBS (45 min at 37°C; Boehringer Mannheim Biochemicals, Indianapolis, IN) and were washed with the same buffer. The ganglia were triturated to remove the neurons, and the isolated cells were washed several additional times in CMF-PBS. The cells were cultured on a collagen I substrate in a defined medium (Leibowitz L-15/CO2 medium containing 1X nonessential amino acids, 1 mg/ml bovine serum albumin, and 0.35% methocel, penicillin, streptomycin, glucose, and imidizole as described (Hawrot and Patterson, 1979) . In some of the RTA IgG activation experiments, the medium also contained the following: stable vitamin mix, fresh vitamin mix (Hawrot and Patterson, 1979) , and the Ni supplement (Bottenstein et al., 1980) . Es- sentially identical results were obtained under either condition. After 24 h, the cultures were fixed with PBS containing 5% sucrose and 2.5% glutaraldehyde before photography and cell counts. Neurons were considered to have survived if they appeared phase-bright and had extended processes greater than two cell diameters in length.
RESULTS

Preparation of an Antibody Against the Extracellular Domain of Rat trkA
To probe the function of the trkA receptor biochemically and biologically, we developed a polyclonal antibody to the extracellular domain of trkA. cDNAs encoding rat trkA were isolated from a PC12 cDNA library constructed in the plasmid vector CDM8 as described in MATERIALS AND METHODS. Ten cDNAs were isolated; sequence analysis revealed that several of these contained the entire rat trkA coding sequence.
A truncated trkA expression cassette containing the entire extracellular domain of rat trkA was generated by PCR and its DNA sequence verified. The cassette was subsequently cloned into a baculovirus transfer vector from which recombinant viruses were isolated through standard protocols. Infections of Sf900 cells with the recombinant virus resulted in the production of an -55-kDa product that was secreted into the medium. The expression of the truncated trkA protein was monitored by immunoblotting with an anti-trkA peptide antiserum, and the protein was purified as described in MATERIALS AND METHODS. Its identity was confirmed by determining the amino acid sequences of two tryptic peptides derived from it. The truncated trkA protein was subsequently used as an immunogen to raise rabbit polyclonal antisera. This antibody will be referred to here as the RTA antibody.
The ability of the RTA sera to recognize native rat trkA was tested by immunoprecipitation analysis, using lysates of COS cells surface-labeled with biotin after transfection with the CDM8 vector containing rat trkA, rat trkB, rat trkC, or with vector alone as control. After immunoprecipitations were performed with either RTA, an anti-peptide antibody to the trkA cytoplasmic tail (rtrkA.cyt), or control nonimmune rabbit IgGs, the precipitates were analyzed by blot using a streptavidin-HRP conjugate for detection ( Figure 1A ). RTA was able to precipitate the 140-kDa trkA protein (lane 6), as shown by comparison to the same lysate precipitated with an antibody directed against the cytoplasmic tail of trkA (lane 5). The stronger signal seen with the affinity-purified rtrkA.cyt antibody is due to its higher titer. A doublet of -100 kDa precipitated with the rtrkA.cyt antibody is not related to trkA, as it is also detected in the vector only transfection (lane 2). The rtrkA.cyt antibody is also able to precipitate the rat trkB and rat trkC proteins (lanes 7 and 9), as the cytoplasmic tails of the three trk receptors have extensive similarity. However, the RTA antibody is unable to recognize either trkB or trkC (lanes 8 and 10).
The specificity of the RTA antibody was also tested by immunoblot ( Figure 1B ). COS cell cultures were transfected as above with the rat trk cDNAs, or vector alone, and lysates from all three cultures were probed with the RTA sera. Two prominant bands were detected in the lysate of the trkA-transfected culture, migrating at an approximate molecular mass of 110 and 140 kDa. No cross-reaction to trkB or trkC was detected, although they were abundantly expressed, as determined in Figure 1A and by probing a parallel blot with an antibody against the trk cytoplasmic tail. An additional band is detected sporadically with RTA antibody, migrating with an approximate molecular mass of 180 kDa. This band seems to be a nonspecific reaction of the sera, as it is detected in untransfected COS cells, as well as other cell lines. It has not been detected by immunoprecipitation ( Figure 1A) maximal level of inhibition. As IgG preparations directed against extracellular domains of receptor tyrosine kinases have been found to increase the rate of receptor internalization (Gherzi et al., 1987; Ganderton et al., 1989) , in principle the inhibition of NGF binding promoted by the RTA IgG preparation could be due to some combination of steric interference of the ligand binding site and receptor internalization. However, the Fab fraction was an equally effective inhibitor of NGF binding, even though previous reports indicate that the binding of Fab fragments does not promote the internalization of receptors expressed on the cell surface (Ganderton et al., 1989) . To test directly that the RTA antibody could sterically block the NGF binding site, the antibodies were used to block binding in assays performed at 4°C, a temperature that does not allow antibody-or ligand-induced endocytosis of the receptor. Both the RTA IgG and Fab preparations were able to inhibit the binding of 125I-NGF when the antibody and ligand incubations were performed at 4°C ( Figure 3B , 0-min time point), to a level similar to that found in 37°C incubations ( Figure 2B ). Therefore, interaction of the RTA antibody with trkA can directly block the ligand binding site.
We were able to show that the residual NGF binding in the presence of RTA is due to binding to the lowaffinity NGF receptor, by testing saturating concentrations of antibodies to both trkA and the LNGFR ( Figure  2B ). Here, NGF binding assays on PC12 cells were performed in the presence of RTA IgG or Fab, anti-rat LNGFR IgG, or combinations of the antibodies. The anti-LNGFR antibody (anti-REX; Weskamp and Reichardt, 1991 ) is a polyclonal antiserum raised against the extracellular domain of the LNGFR and has been shown to inhibit NGF binding to that receptor completely. As shown in Figure 2B , the anti-LNGFR antibody blocked -80% of NGF binding, whereas the RTA IgG or Fab blocked -25% of NGF binding. The combinations of antibodies were able to inhibit almost completely the binding of NGF to PC12 cells, indicating that trkA and the LNGFR account for 297% of the NGF binding proteins on PC12 cells. Confirmation of RTA specificity was obtained using NGF cross-linking assays (Weskamp and Reichardt, 1991) , where preincubation of the cells with the RTA antibody sharply reduced the production of the 160-kDa band, previously identified as the trkA 125I-NGF cross-linked product, without altering the levels of the 100-kDa, LNGFR-derived product (Hosang and Shooter, 1985; Johnson et al., 1986; Kaplan et al., 1991a; Klein et al., 1991) .
To analyze the characteristics of the NGF binding sites remaining in the presence of the anti-LNGFR ortrkA antibodies, equilibrium binding assays were performed from 3.5 to 4000 pM NGF. The results are plotted by the Scatchard method in Figure 3A . As is now well known, PC12 cells have NGF binding sites with differing kinetic characteristics, leading to low-and high-affinity binding sites (Schechter and Bothwell, 1981) . This is observed in the biphasic graph of NGF binding determined in the presence of control IgG (Figure 3A, [1; the binding parameters are presented in Table   1 ). The number and affinity of the two measured NGF binding sites in the presence of control IgG are similar to those previously reported for PC12 cells (Weskamp and Reichardt, 1991 ( Figure 3A , O; Weskamp and Reichardt, 1991) . In contrast, we find that in the presence of the RTA antibody, all of the remaining detectable binding sites are of low 3.5 pM to 4 nM) was added, and the amount of cell associated NGF determined after 1 h at 37°C. Data from two similar experiments were pooled and are presented in the form of a Scatchard plot. Nonspecific binding was determined as in Figure 2A ; values were determined in triplicate. (B) Binding and dissociation at 4°C. PC12 cells were preincubated at 4°C for 4 h in the presence of the indicated antibody at 500 ,ug/ml, followed by the addition of 200 pM 125I-NGF.
After an additional 60-min incubation at 4°C, triplicate samples were taken. Dissociation was initiated by the addition of unlabeled NGF to 500 nM. At the indicated times, trplicate samples were removed and assayed for bound '25I-NGF. The Scatchard analysis was performed at 37°C to promote equilibrium binding conditions. However, at that temperature, ligand-induced internalization of the receptors will affect the measured affinities of the binding sites. To examine more closely the apparent heterogeneity of the high-affinity binding sites detected in the Scatchard analysis, we performed a dissociation experiment at 4°C, conditions where receptor internalization does not occur. PC12 cells were preincubated with control IgG, anti-LNGFR IgG (REX), or the RTA IgG or Fab preparations for 4 h at 4°C, followed by a 1-h incubation at 4°C with 200 pM 125I-NGF. Dissociation of the labeled NGF was initiated at time 0 by the addition of 500 nM unlabeled NGF. Two kinetic classes of dissociating NGF are detected in the presence of control rabbit IgG, which correspond to the fast-and slowdissociating NGF binding sites previously described ( Figure 3B , C1) (Schechter and Bothwell, 1981 Figure 3A and Table 1 ).
Molecular Biology of the Cell
RTA Fab Fragments Inhibit the Phosphorylation
Response to NGF PC12 cells respond to NGF rapidly, and after 5 min of exposure, a reproducible burst of tyrosine phosphorylation of many cellular proteins occurs (Maher, 1988) . This effect can be measured by probing blots of cell lysates with anti-phosphotyrosine antibodies. Such an experiment is shown in Figure 4 , where in lane 2 several cellular substrates for NGF-dependent tyrosine phosphorylation are detected after 5 min of NGF treatment (arrows), but not in the absence of NGF (lane 1). We tested the ability of the anti-trkA antibody to block this rapid response by pretreating the PC12 cultures with RTA Fab fragments or control nonimmune Fab fragments before exposure to NGF. As shown in Figure 4 , RTA Fab fragments were able to block almost completely the phosphorylation response to NGF (lane 4), whereas control nonimmune Fab fragments did not affect the response (lane 3).
RTA IgG Mimics NGF in Tyrosine Phosphorylation Assays
In contrast to the inhibitory effects of the monovalent RTA Fab fragments, we found that the bivalent RTA IgG promoted phosphorylation of the same cellular proteins as NGF, even in the absence of NGF ( Figure 5A ). Each of the PC12 cultures were treated for 5 min with NGF or various antibody preparations and changes in cellular tyrosine phosphorylation were determined as described above. Significant changes in phosphorylation were detected in response to NGF and the RTA IgG preparation, and the RTA IgG-induced pattern was indistinguishable from that found in response to NGF. In contrast, both control rabbit IgG and anti-LNGFR IgG were ineffective. Also, Fab fragments of the RTA antibody had no effect.
The changes in protein tyrosine phosphorylation promoted by the RTA antibody preparation could in principle come from other receptor tyrosine kinases. We took advantage of a variant of the PC12 cell line, called PC12nnr5, which lacks functional trkA protein and responses to NGF (Loeb et al., 1991) . Neither NGF nor RTA antibody treatment caused detectable changes in protein tyrosine phosphorylation in these cells ( Figure  5B , lanes 4-6). However, when rat trkA was ectopically expressed in PC12nrl , responses to both NGF and the RTA antibody were restored (lanes 7-9). Therefore, the effects of the RTA antibody on protein tyrosine phosphorylation require trkA expression. To show that the RTA IgG effects reflected activation of the trkA receptor, effects of NGF and various antibodies on trkA phosphotyrosine levels were examined. TrkA is a tyrosine kinase receptor that has been shown previously to be tyrosine phosphorylated and activated upon binding of NGF (Kaplan et al., 1991b; Klein et al., 1991) . We treated PC12 cultures as above with NGF or antibody preparations and then immunoprecipitated the trkA receptor from the corresponding lysates. The precipitates were analyzed by blotting with the anti-phosphotyrosine antibody. As shown in Figure 5B, When the effect of the bivalent RTA IgG preparation was tested quantitatively in the sympathetic neuronal survival assay, the RTA antibody caused a small but reproducible decrease in NGF-dependent viability, whereas the anti-LNGFR and nonimmune IgG preparations had no obvious effects (Figure 8) . However, when NGF was omitted from the culture medium, the RTA antibody had a strong survival promoting activity, yielding a maximal survival of '60% of that obtained with NGF ( Figure 8 ) and promoted extensive process outgrowth (Figure 9 ). Neither the control IgG nor the anti-LNGFR antibody alone had any in vitro survival activity. In addition, RTA Fab fragments were unable to support sympathetic neuron survival. The effects of RTA IgG were also tested on cultures containing primed PC12 cells (PC12 cells that have been previously exposed to NGF for 7 d, resulting in differentiation). As shown in Figure 10 , the RTA IgG showed a clear ability to promote neurite outgrowth of these cells in the absence of NGF; '60% as many cells extended neurites as responded in the presence of NGF.
DISCUSSION
Development of an Antiserum to the Rat trkA Receptor Generation of antisera to both the LNGFR and trkA receptors allows the expression and function of each to be studied individually. Several monoclonal antibodies and the REX anti-LNGFR polyclonal antibody have been used to characterize in some detail the LNGFR receptor, but an antiserum of equivalent specificity to trkA has not been available. We found that the RTA antibody is highly specific; we detected no cross-reaction with the closely related trkB or trkC receptors on immunoblots or in immunoprecipitations (Figure 1 ysis (Figure 1) , and is therefore useful in a variety of experiments aimed at obtaining a better understanding of trkA and NGF responsiveness in neurons. We found that this antibody could inhibit NGF binding, as well as neuronal responses to NGF when Fab fragments were employed. In contrast to this, the anti-trkA IgG promoted NGF-like cellular responses even in the absence of NGF, presumably through antibody-dependent receptor cross-linking. NGF binding experiments demonstrated that monovalent Fab fragments prepared from the RTA antibody can inhibit NGF binding to trkA (Figure 2) , and subsequently inhibit downstream cellular NGF responses, such as increases in tyrosine phosphorylation and survival of sympathetic neurons (Figure 4 and 6 ). In contrast to what has been found with IgG preparations, experiments that have examined the interaction of Fab fragments with the insulin receptor have failed to detect receptor internalization as a result of Fab binding (Ganderton et al., 1989) , and we find that the RTA Fabs can inhibit NGF binding at 4°C; therefore, the most likely mechanism for receptor inhibition at 37°C is steric blockage of ligand binding. The use of Fab fragments for trkA receptor blocking will likely be a useful method for confirming or disproving in an in vivo context some of the functions assigned to NGF based on in vitro studies. In fact, this could be a general approach to studying the roles of trk receptors during development in many species. Because it is thought that several of the functions of trk receptors are based on competition for limiting amounts of neurotrophin in the animal (Barde, 1989) , blocking of a large number of the recep- tors by Fab could yield dramatic effects during development. We were able to block sympathetic survival only at low concentrations of NGF and high concentrations of Fab, which is likely due to their differences in receptor affinity. However, given that in vivo concentrations of NGF are much lower than those used in culture, it seems possible that this Fab preparation would be an effective means of blocking trkA function in developing rats or mice.
Ligand-independent Activation of trkA by RTA Although the IgG and Fab preparations of the RTA sera are equivalent in their ability to inhibit NGF binding to trkA, as judged by binding assays using radiolabeled ligand, the IgG fraction has only a very slight inhibitory effect on NGF-dependent survival. In fact, RTA IgG is almost as effective as NGF in activating trkA and downstream signaling pathways (Figures 5 and 8) . Ligand-independent receptor activation by anti-receptor antibodies has been demonstrated previously in the receptor tyrosine kinase family. For example, monoclonal antibodies to either the insulin-like growth factor 1 receptor or epidermal growth factor receptor cause increases in receptor kinase activity, and an antibody to the insulin-like growth factor 1 receptor stimulates DNA synthesis in serum-starved NIH 3T3 cells (Spaargaren et al., 1991; Xiong et al., 1992) . Both polyclonal and monoclonal antibodies to the insulin receptor could mimic insulin activation in several cell types as judged by 2-deoxyglucose and thymidine uptake, and this process required an active kinase domain (Gherzi et al., 1987; Hawley et al., 1989; Soos et al., 1989) . It was shown that bivalent antibodies are required for antibody-dependent activation of the epidermal growth factor receptor, probably because they mimic the ligand in promoting receptor dimerization (Spaargaren et al., 1991) . Evidence has been presented that the trkA receptor functions as a homooligomer, most probably a dimer, in signal transduction (Jing et al., 1992) , so it seems likely that the bivalent RTA IgG promotes dimerization or oligomerization sufficient to cause transphosphorylation of the receptor and subsequent activation of the NGF signal transduction pathway. The RTA antibody at saturating concentrations exhibits a somewhat lower survival activity than NGF (Figures 8  and 9 ). This seems to be an intrinsic property of the receptor-antibody interaction. As the presence of NGF does not restore the maximal level of survival, the lack of NGF bound to the LNGFR is not likely to be cause. It is known that antibodies to the insulin receptor cause a greater down-regulation of the receptor at the cell surface than insulin itself (Ganderton et al., 1989) ; such a decrease of trkA on the surface of sympathetic neurons might lead to a slight decrease in viability. Alternately, some of the antibodies in the IgG pool may bind to the receptor in a fashion that blocks receptor oligomerization and activation.
Activation of trkA by RTA is a useful method for separating the effects of trkA from those of the LNGFR. In fact, this property can be exploited to differentiate the effects of the three receptors of the trk family, as antibodies have the potential to be of different specificity from the neurotrophins themselves. For example, in some systems NT-3 has been shown to activate trkC strongly, to activate trkB moderately, and to activate trkA weakly (Cordon-Cardo et al., 1991; Glass et al., 1991; Lamballe et al., 1991; Soppet et al., 1991; Squinto et al., 1991) . Studies designed to analyze the various functions of trkC by using NT-3 as ligand may also be measuring its effects on trkB or trkA. An activating antibody to trkC, however, would produce effects that are attributable solely to trkC.
TrkA Activity but Not LNGFR Activity Is Required for Sympathetic Neuron Survival In Vitro One purpose of these experiments was to probe the relative contributions of LNGFR and trkA in high-affinity NGF binding and in the NGF-dependent survival of sympathetic neurons. A model of LNGFR function that has been proposed holds that LNGFR and trkA form a high-affinity heterodimer and that the LNGFR participates in the NGF signal transduction pathway (Berg et al., 1991; Hempstead et al., 1991) . It (Loeb et al., 1991) . There are also lines of evidence that suggest that the LNGFR does not play a crucial role in NGF signal transduction. The anti-LNGFR polyclonal antibody REX was able to block binding of NGF to LNGFR completely, yet had no obvious effect on the biological activities of NGF in culture (Weskamp and Reichardt, 1991) . In agreement with this result, a mutated NGF that had lost its ability to bind (Ibanez et al., 1992) . A recent study, published after the completion of the present work, examined the activity in PC12 cells of a chimeric receptor consisting of the trkA intracellular kinase domain fused to the tumor necrosis factor receptor extracellular domain and found that treatment of the modified PC12 line with tumor necrosis factor could promote PC12 process outgrowth, presumably without interaction with the LNGFR (Rovelli et al., 1993) . In each of the above examples, it is assumed that the LNGFR is not contributing to the NGF response if the LNGFR is not binding ligand, something that is difficult to prove using those models. Jaenisch and colleagues have addressed this issue by creating a mouse strain in which the gene for the LNGFR has been inactivated (Lee et al., 1992) . The resulting mice were viable and fertile. Examination of the nervous system revealed a loss of some sensory innervation and a defect in heat sensitivity, although the sympathetic innervation was largely normal (but see Lee et al., 1994) . Examination of the in vitro sensitivity to NGF of the trigeminal sensory neurons and sympathetic neurons has recently been reported; while a three-to fourfold decrease in the NGF dose-response was measured for the sensory neurons, no differences were detected between the LNGFR-deficient and wild-type sympathetic neurons (Davies et al., 1993) . Thus for at least some of the targets of NGF, the LNGFR is not required either in an NGFbound or -unbound state for NGF to achieve its effects.
One of the more interesting models proposed recently has the LNGFR acting in a dominant fashion; when the receptor is bound by ligand, it is inactive, but when unbound, it is free to activate a cellular pathway leading to apoptotic cell death (Rabizadeh et al., 1993) . Our evidence argues against this model for sympathetic neurons, as activation of trkA by RTA in the absence of NGF (and therefore when the LNGFR is presumably unbound) could support sympathetic neuron survival, and the combination of RTA and NGF did not yield much more survival than the antibody alone. At a minimum, the activation of the trkA-signaling pathway overrides the putative LNGFR-dependent apoptotic pathway. As the model suggests that the LNGFR works in a dominant fashion to cause apoptosis, it does not easily explain the deficits observed in the LNGFR-deficient mouse. If the dominant model of LNGFR action is correct, the deletion of the LNGFR gene might actually be expected to increase the number of cells in certain populations, rather than eliminate them, and would be unlikely to lead to the observed deficit in sensory innervation.
Is trkA Activity Modified by the LNGFR? Our analysis of NGF binding to PC12 cells in the presence of RTA and the anti-LNGFR antibodies has implied that most or all of the low-affinity NGF binding sites are LNGFR dependent, that all of the high-affinity NGF binding site are trkA dependent, and that a fraction of the high-affinity sites are dependent on both LNGFR and trkA ( Figure 3A) . The equilibrium binding data are supported by dissociation data obtained at 4°C, where we found that the RTA antibody blocks all slow-dissociating sites, whereas the anti-LNGFR antibody blocks one-half of the slow-dissociating sites ( Figure 3B ) (Weskamp and Reichardt, 1991) . Although evidence has been presented that trkA receptors can form low-as well as high-affinity binding sites (Kaplan et al., 1991a; Klein et al., 1991) , these studies have utilized transfected fibroblastic cell lines that express relatively large numbers of receptors. The expression of trkA in PC12 cells is comparatively low, and we can detect only high-affinity sites that are clearly attributable to trkA (Figure 3 and Weskamp and Reichardt, 1991) . A majority of these sites are insensitive to anti-LNGFR antibodies and therefore appear to be solely dependent on trkA. high-affinity sites that are inhibited by anti-LNGFR antibodies are not likely to be due to a small number of LNGFR dimers exhibiting a higher affinity for NGF than the monomer LNGFR (Grob and Bothwell, 1983; Chandler et al., 1984) because such sites should not be sensitive to the effects of the RTA antibody. Although there is no biochemical demonstration of a direct association of the LNGFR with trkA, it is possible that the anti-LNGFR/anti-trkA-sensitive high-affinity sites comprise a complex that contains both LNGFR and trkA. Evidence for LNGFR/trkA interaction has been presented previously, also through NGF binding analysis Battleman et al., 1993 ).
An alternate explanation for the heterogeneity in the slow-dissociating NGF binding sites is that the LNGFR increases the rate of slow site formation by trkA. However, such a model predicts that the increase in the NGF association rate would lead to an increase in the affinity of trkA for NGF; conversely, in the presence of the anti-LNGFR antibody trkA should display a lower affinity. We found high-affinity binding of NGF in the presence of the anti-LNGFR antibody, but fewer binding sites than in its absence. One way to reconcile this discrepancy is to consider the rate of endocytosis of the trkA/ NGF complex at 37°C (Hosang and Shooter, 1987) . Within the 60 min we used for the binding reaction, the majority of the trkA bound to NGF was found to become unavailable to a chemical cross-linker and thus probably endocytosed. When endocytosis occurs during measurement of receptor binding affinities, the measured rate constant sets only an upper limit on the actual receptor binding affinity (Wiley and Cunningham, 1981) . Endocytosed NGF could therefore appear as high-affinity binding, and so one explanation for the effects of the anti-LNGFR antibody on the Scatchard analysis is that in its presence, trkA is forming slow-dissociating sites less efficiently, thereby decreasing the rate of the internalization of NGF.
Although inhibition of the LNGFR ligand binding site does not prevent the major responses of neurons to NGF (Weskamp and Reichardt, 1991) , there may be an additional role for the putative LNGFR-and trkA-dependent binding site; for example, it might as mentioned above increase trkA binding kinetics or change trkA binding specificity (Benedetti et al., 1993) . The decrease in slow NGF binding sites formed at 4°C is compatible with a modulation of trkA association kinetics. Also, such a function for the LNGFR would be consistent with known defects in the LNGFR-deficient mouse strain, as it has recently been reported that embryonic trigeminal sensory neurons from the mutant strain show a fourfold decrease in sensitivity to NGF in vitro when compared to wild type (Davies et al., 1993) . A drop in NGF sensitivity could conceivably result in the observed decrease in sensory neuron innervation (Lee et al., 1992) as these neurons compete for limiting amounts of NGF during development. However, the interaction between trkA and the LNGFR is probably more complicated than this hypothesis implies. For example, the trigeminal sensory neurons and sympathetic neurons both respond to NGF in vivo and in vitro, and although the lack of the LNGFR in the trigeminal neurons decreases their dose-response to NGF, no differences between LNGFRdeficient and wild-type sympathetic neurons were measured (Davies et al., 1993) . Thus it seems that our understanding of the process by which neuronal development is controlled by neurotrophins will be strengthened by a further characterization of the relationships between trkA, the LNGFR, and NGF.
